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We investigate Θ+ production via γN and NN reactions in order to obtain infor-
mation on the structure of Θ+, especially its parity. We observe that the positive
parity Θ+ production provides about ten times larger total cross sections than
those of the negative parity one in both photon and nucleon induced reactions due
to P–wave enhancement of the KNΘ vertex. We also consider the model indepen-
dent method in the nucleon induced reaction to determine the parity of Θ+ and
show clearly distinguishable signals for the two parities.
1 Introduction
After the observation of the evidence of Θ+ by LEPS group at SPring-8 1 mo-
tivated by Diakonov et al. 2, exotic pentaquark baryon state Θ+ has triggered
huge amounts of the research activities in both experimental 3∼11 and the-
oretical 12∼33 hadron physics fields. Recent experimental situation is rather
controversial, and the existence of the Θ+ still needs confirmation. However,
it is strongly expected that physics of pentaquarks will open a new challenge
for hadron physics with rich structure of non-perturbative QCD. Although
the present experimental information is limited, it is therefore, of great im-
portance to analyze what we can learn from the experiments done so far and
in the future. In this paper, we report the series of our works for the Θ+
production reaction in different approaches including γN and NN induced
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ones. Our aim is to extract information of Θ+ structure, especially the par-
ity of Θ+. As discussed in Refs. 17,19, the parity of Θ+ carries important
informations of the dynamics of low energy QCD. Contents of this paper is
as follows. In section 2, the method of calculation in an effective Lagrangian
approach is briefly formulated for the reactions, γN → K¯Θ+ (N = p, n) and
NN → YΘ+ (N = p, n; Y = Λ,Σ). In all cases, we perform calculation for
JP (Θ+) = 1/2+ and 1/2−. For the pp induced reaction, we consider a po-
larized one as suggested by Hanhart 25 for the unambiguous determination
of the parity of Θ+. In section 3, we present numerical results and discuss
various aspects of the above reactions. Final section is devoted to summary
of the present report.
2 Formalism
2.1 γN scattering
We start with an effective Lagrangian approach for the γN scattering for the
tree level calculations. Concerning to the KNΘ vertex, we utilize two different
interactions, i.e., the pseudoscalar (PS) and pseudovector (PV) schemes. The
effective Lagrangians for the reactions are given as follows:
LNΘK = igΘ¯Γ5KN + h.c.,
LNΘK = − g
∗
A
2fpi
Θ¯γµΓ5∂
µKN + h.c.,
LγKK = ie
{
K(∂µK¯)− (∂µK)K¯}Aµ + h.c.,
LγNN = −eN¯
(
γµ + i
κN
2MN
σµνk
ν
)
N Aµ + h.c.
LγΘΘ = −eΘ¯
(
γµ + i
κΘ
2MΘ
σµνk
ν
)
ΘAµ + h.c., (1)
where Θ, N , and K stand for the pentaquark Θ+, the nucleon, and the kaon
fields, respectively. Parameters e, κ, and M designate the electric charge, the
anomalous magnetic moment, and the mass of baryon, respectively. Γ5 is γ5
for the positive-parity Θ+ (Θ++) and 14×4 for the negative-parity Θ
+ (Θ+−).
In the case of the positive-parity Θ+, the coupling constants for the KNΘ+
vertex can be determined by using a decay width ΓΘ→KN = 15MeV and the
massMΘ = 1540MeV, from which we obtain g
∗
A = 0.28 for the PV interaction
as well as g = 3.8 for the PS. Similarly, we find g∗A = 0.16 and g = 0.53 for
the negative-parity one. K∗ exchange is also taken into account in this work
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as in Refs. 21,23,26,38. The corresponding Lagrangians are given as follows:
LγKK∗ = gγKK∗ǫµνσρ(∂µAν)(∂σK†)K∗ρ + h.c.,
LK∗NΘ = gK∗NΘΘ¯γµΓ¯5K∗†µ N + h.c.. (2)
We neglect the tensor coupling of theK∗NΘ vertex for the lack of information.
In order to determine the coupling constant gγKK∗ , we use the experimental
data for the radiative decay, which gives 0.388GeV−1 for the neutral decay
and 0.254GeV−1 for the charged decay 23,26,39. Γ¯5 denotes 14×4 for the
Θ++ and γ5 for the Θ
+
−. Although we have no information on gK∗NΘ exper-
imentally, we adopt its value as gK∗NΘ/gKNΘ = ±0.5, assuming the ratio
similar to gK∗NΛ/gKNΛ. Note that in Refs.
26,29 the ratio of the couplings
was taken to be 0.5. In addition to K∗ exchange, we also consider K1(1270)
axial-vector meson exchange. However, since we find that its contribution is
tiny as found in Ref. 29, we will not take into account it in this work. Since
the anomalous magnetic moment of Θ+ has not been known neither, we need
to rely on the model calculations 27,28,30,31,32. Many of these calculations
indicate small numbers for the Θ+ magnetic moment and hence negative val-
ues for the anomalous magnetic moment. As a typical value, we shall use for
the anomalous magnetic moment κΘ = −0.8µN . In the PV scheme, we need
to consider an additional contribution, i.e., the contact term, also known as
the Kroll-Rudermann (KR) term. The term can be written as follows.
iMKR, = −e g
∗
A
2fpi
u¯(p′)Γ5/ǫu(p). (3)
While Yu et al. 29 introduced the formar factors into the KR term in such
a way that they satisfy the gauge invariance, we make use of the following
relation:
i∆M0 = iM0PV − iM0PS = e
g
MN +MΘ
(
κΘ
2MΘ
+
κN
2MN
)
u
¯
(p′)Γ5/ǫ/ku(p).(4)
Here, The superscript 0 denotes the bare amplitudes without the form factor.
Since i∆M0 is gauge-invariant due to its tensor structure, we can easily insert
the form factors, keeping the gauge invariance. Thus, we arrive at the gauge-
invariant amplitudes in the PV scheme as follows:
iMPV = iMPS + i∆M
= iMPS + e g
MN +MΘ
(
Fu
κΘ
2MΘ
+ Fs
κN
2MN
)
u
¯
(p′)Γ5/ǫ/ku(p). (5)
Finally, the K∗-exchange amplitude is derived as ar follows:
MK∗ = i FtgγKK
∗gK∗NΘ
(k − k′)2 −M2K∗
u¯(p′)ǫµνσρk
µǫνk′σγρΓ¯5u(p), (6)
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which is clearly gauge-invariant.
2.2 NN scattering
In this section, we formulate NN scattering with K and vector K∗ exchanges
in the t–channel. The initial and final state interactions are not considered
here. We will discuss briefly their effect later. As mentioned before, we treat
the reactions in the case of positive- and negative-parity Θ+. We distinguish
the positive-parity Θ+ from the negative-parity one by expressing them as
Θ++ and Θ
+
−, respectively. We start with the following effective Lagrangians.
LKNY = −igKNY Y¯ γ5K†N,
LKNΘ± = −igKNΘ±Θ¯±Γ5KN,
LV NY = −gV NY Y¯ γµV µN − g
T
V NY
MY +MN
Y¯ σµν∂
νV µN,
LV NΘ = −gV NΘ±Θ¯±γµΓ¯5V µN −
gTV NΘ±
MΘ +MN
Θ¯±σµν Γ¯5∂
νV µN, (7)
where Y , K, N , Θ, and V stand for the hyperon (Σ and Λ), kaon, nucleon,
Θ+, and vector meson fields, respectively. When their signs are the same,
the K∗NΘ (magnetic) coupling strength which is the sum of the vector and
tensor couplings amounts to be 1.5|gKNΘ|. The value is similar to the one
estimated in a fall apart mechanism, gK∗NΘ =
√
3gKNΘ
46. We employ the
values of the KNY and K∗NY coupling constants referring to those from the
new Nijmegen potential (averaged values of models NSC97a and NSC97f 41
as well as from the Ju¨lich–Bonn YN potential (model A˜) 47
2.3 Polarized pp scattering
An unambiguous method to determine the parity of the Θ+ was proposed
using the reaction 24
~p+ ~p→ Θ+ +Σ+ near threshold. (8)
This reaction has been previously considered for the production of Θ+ 43,
but it has turned out that it does more for the determination of the par-
ity, in contrast with number of recent attempts using other reactions which
needed particular production mechanism. In order to extract information of
parity from (8), the only requirement is that the final state is dominated by
the s-wave component. The s-wave dominance in the final state is then com-
bined with the Fermi statistics of the initial two protons and conservations
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of the strong interaction, establishing the selection rule: If the parity of Θ+
is positive, the reaction (8) is allowed at the threshold region only when the
two protons have the total spin S = 0 and even values of relative momenta
l, while, if it is negative the reaction is allowed only when they have S = 1
and odd l values. This situation is similar to what was used in determining
the parity of the pion 50. Experimentally, the pure S = 0 state may not be
easy to set up. However, an appropriate combination of spin polarized quan-
tities allows to extract information of S = 0 state. In Ref. 25, the authors
discussed the experimental methods and observable to determine the parity
of Θ+ baryon with the polarized proton beam and target. They discussed the
spin observable Axx as well as cross sections. It is computed by
Axx =
(3σ0 +
3 σ1)
2σ0
− 1, (9)
where σ0 is the unpolarized total cross sections and the polarized cross section
are denoted as 2S+1σSz .
2.4 Form-factor for the extended hadron structure
As for the γN scattering, we have introduced the form factors Fs,u,t and F
n
c
in such a way that they satisfy the gauge invariance 34,35,36 in the form of
Fξ =
Λ4
Λ4 +
(
ξ −M2ξ
)2 , (10)
where ξ represents relevant kinematic channels, s, t, and u, generically. The
common form factor Fc is introduced according to the prescription suggested
by Refs. 36:
F nc = Fu + Ft − FuFt,
F pc = Fs + Fu − FsFu. (11)
The cutoff parameter for Eq. (10) will be given in the next section considering
γp→ K+Λ(1115) process. As for the NN scattering, in order to compute the
cross sections for these reactions, we need the form factors at each vertex to
take into account the extended size of hadrons. For the Nijmegen potential
we introduce a monopole-type form factor 48 in the form of
F (q2) =
Λ2 −m2
Λ2 − t , (12)
where m and t are the meson mass and a squared four momentum transfer,
respectively. The value of the cutoff parameter is taken to be 1.0 GeV for the
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parameter set of the Nijmegen potential. We will also employ the Nijmegen
potential with the form factor, Eq. (12) for the polarized pp calculation 42.
As for that of the Ju¨lich–Bonn potential, we make use of the following form
factor taken from Ref. 47:
F (q2) =
Λ2 −m2
Λ2 + |q|2 , (13)
where |q| is the three momentum transfer. In this case, we take different
values of the cutoff masses for each KNY vertex as follows 47: ΛKNΘ =
ΛK∗NΘ = 1.0GeV, ΛKNΛ = 1.2GeV, ΛK∗NΛ = 2.2GeV, ΛKNΣ = 2.0GeV,
and ΛK∗NΣ = 1.07GeV.
3 Numerical results
3.1 γN scattering
Before we calculate the photoproduction of the Θ+ numerically, we need to fix
the cutoff parameters in the form factors. In doing so, we will try to estimate
the value of the cutoff parameters by considering the process γp → K+Λ,
which is known experimentally 37 and the comparison of the theoretical pre-
diction with the corresponding data is possible. Fig. 1 we present the total
cross sections of the γp → K+Λ reaction without the form factors. Here, we
have employed the coupling constants gKNΛ = −13.3 and gK∗NΛ = −6.65.
While the results without form factors are monotonically increased unphysi-
cally as shown in the left panel of Fig. 1, those with the form factors defined in
Eq. (10) describe relatively well the experimental data as in the right panel of
Fig. 1. We find that Λ = 0.85 ∼ 0.9GeV give reasonable results qualitatively.
Note that the peaks at around 1.0 GeV and 1.5 GeV in the experimental data
are believed to be related to higher nucleon resonances such as S11(1650),
P11(1710), P13(1720) and D13(1895)
38, which in our calculations are not
included.
Based on these results, we assume that the cutoff parameter for the KNΘ
vertex is the same as for the KNΛ one and use Λ = 0.85 GeV. Fig. 2 shows
the total cross sections with the form factors and gK∗NΘ being varied between
−gKNΘ/2 and gKNΘ/2. We see that the differences between the PV and PS
schemes turn out to be small, as compared to the results of Ref. 29. The
reason lies in the fact that Ref. 29 introduced the form factor in the KR term
directly, while we employ the relation between the PV and PS schemes as
given in Eq. (5). It is very natural that in the low-energy limit the difference
between the PV and PS schemes should disappear. In this sense, the present
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Figure 1. The total cross sections of γp→ K+Λ without (the left) and with (the right) the
form factors written in Eq. (10).
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Figure 2. The total cross sections for the reactions of γn → K−Θ+
+
(a) and γp → K
¯
0Θ+
+
(b). PV and PS indicate the coupling schemes. 0, + and - indicate gK∗NΘ = 0, gK∗NΘ =
gKNΘ/2 and gK∗NΘ = −gKNΘ/2, respectively.
ar
results is consistent with the low-energy relation for the photo-production.
Coming to the photo-production of the Θ+ in the γp → K¯0Θ+ reaction, we
notice that the total cross section is smaller than the case of γn and rather
sensitive to the contribution of K∗ exchange. It can be understood by the fact
that the contribution of K exchange is absent and the s– and the u–channels
are suppressed by the form factors. The average values of the total cross
sections are estimated as follows: σγn→K−Θ+ ∼ 44 nb and σγp→K¯0Θ+ ∼ 13 nb
in the range of the photon energy 1.73GeV < Eγ < 2.6GeV. Note that these
values are smaller than those of Ref. 27, where Λ = 1.0GeV is employed.
In Fig. 3, we draw differential cross sections. In the case of the γn →
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Figure 3. The differential cross sections for the reactions of γn → K−Θ+
+
(a) and γp →
K¯0Θ+
+
(b) at
√
s = 2.1GeV.
K−Θ+, the peak around 60◦ is clearly seen as shown in the left panel of
Fig. 3. This peak is caused by the t–channel dominance which brings about the
combination of the factor |ǫ·k′ |2 ∼ sin2 θ and the form factor. In the multipole
basis, an M1 amplitude is responsible for it. In contrast, for the production
from the proton, K exchange is absent, and the role of K∗ exchange and its
interference with the s– and the u–channel diagrams become more important.
Therefore, the differential cross section of the γp → K¯0Θ+ process is quite
different from that of the γn → K−Θ+. The present results look rather
different from those of Ref. 23, where the relation gK∗NΘ = ±gKNΘ was
employed. It is so since the amplitude of K∗ exchange is twice as large as
that in the present work, and has an even more important contribution to the
amplitudes. We need more experimental information in order to settle the
uncertainty in the reaction mechanism.
We now present the total cross sections for the negative parity Θ+− in
Fig. 4. The contribution of K∗ exchange is almost negligible in the case of
the γn → K−Θ+ process, whereas it plays a main role in γp → K¯0Θ+. The
total cross sections for the negative-parity Θ+ turn out to be approximately
ten times smaller than those for the positive-parity one. This fact pervades
rather universally in various reactions for the Θ+ production. The reason
is that the momentum-dependent p-wave coupling ~σ · ~q for the positive par-
ity Θ+ enhances the coupling strength effectively at the momentum transfer
|~q| ∼ 1 GeV, a typical value for the Θ+ production using non-strange parti-
cles. The enhancement factor is about 1 GeV/0.26 GeV, where 0.26 GeV is
the kaon momentum in the Θ+ decay. Therefore, the cross sections become
larger for the positive parity case than for the negative parity case by a factor
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Figure 4. The total cross sections for the reactions of γn → K−Θ+
−
(a) and γp → K¯0Θ+
−
(b).
(1/0.26)2 ∼ 10.
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Figure 5. The differential cross sections for the reactions of γn → K−Θ+
−
(a) and γp →
K¯0Θ+
−
(b) at
√
s = 2.1GeV.
The differential cross sections for the Θ+− photo-production are drawn in
Fig. 5. The peak around 60◦ appears in the γn interaction as in the case of
the Θ++. That for the production via the γp interaction shows quite different
from the case of the Θ++.
3.2 NN scattering
In this section, we present the total and differential cross sections for the
reactions np → Λ0Θ+ and np → Σ0Θ+ with two different parities of Θ+.
We first consider the case of parameter set of the Nijmegen potential. In
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Figure 6. The total cross sections of np → ΛΘ+
+
with ten different combinations of the
signs of the K∗NΘ coupling constants which are labelled by (sgn(gK∗NΘ), sgn(g
T
K∗NΘ
)).
The parameter set of the Nijmegen potential with the cutoff parameter Λ = 1.0 GeV is
employed.
Fig. 6, we draw the total cross sections of np → ΛΘ++ for different signs of
the coupling constants, which are labelled as (sgn(gK∗NΘ), sgn(g
T
K∗NΘ)). We
compare the results from ten different combinations of the signs. As shown in
Fig. 6, the dependence on the signs is rather weak. Moreover, we find that the
contribution from K∗ exchange is very tiny. The average total cross section
is obtained as σnp→ΛΘ+
+
∼ 40 µb in the range of the center-of-mass (CM)
energy EthCM ≤ ECM ≤ 3.5 GeV, where EthCM = 2656 MeV. Since the angular
distribution for all reactions is with a similar shape, we show the results only
for the case of np→ ΛΘ++ in Fig. 7.
In Fig. 9, we draw the total cross sections for the reaction np → Σ0Θ++.
We find that they are about ten times smaller than those for the reaction
np → ΛΘ++. The corresponding average total cross section is found to be
σnp→Σ0Θ+
+
∼ 2.0 µb in the range of the CM energy EthCM ≤ ECM ≤ 3.5 GeV,
where EthCM = 2733 MeV. It can be easily understood from the fact that the
ratio of the coupling constants |gKNΛ/gKNΣ| = 3.74 is rather large and the
contribution from K exchange is dominant.
As for the negative parity Θ+, we show the results in Fig. 9. Once again
we find that the contribution of K∗ exchange plays only a minor role. We
observe in average that σnp→ΛΘ+
−
∼ 5.0 µb and σnp→Σ0Θ+
−
∼ 0.3 µb in the
range of the CM energy EthCM ≤ ECM ≤ 3.5 GeV. They are almost ten times
smaller than those of Θ++. This behavior can be interpreted dynamically by
the fact that a large momentum transfer ∼ 800MeV enhances the P-wave
coupling of the Θ++ than the S-wave one of the Θ
+
−.
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Figure 7. The differential cross sections for the reaction np → ΛΘ+
+
at ECM = 2.7 GeV
with five different combinations of the signs of the K∗NΘ coupling constants as labelled by
(sgn(gK∗NΘ), sgn(g
T
K∗NΘ
)). The parameter set of the Nijmegen potential with the cutoff
parameter Λ = 1.0 GeV is employed.
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Figure 8. The total cross sections for the reaction np → Σ0Θ+
+
. The parameter set of the
Nijmegen potential with the cutoff parameter Λ = 1.0 GeV is employed. The notations are
the same as in Fig. 7.
In Fig. 10, we show the total cross sections of the reactions for the Θ+±
with the parameter set of the Ju¨lich–Bonn potential. Here, different cutoff
parameters are employed at different vertices as mentioned previously. We
find that the contribution from K∗ exchange turns out to be larger in the
np → ΛΘ++ reaction than in the np→ Σ0Θ++. This can be easily understood
from the fact that the Ju¨lich–Bonn cutoff parameter ΛK∗NΛ is chosen to be
approximately twice as large as that of the KNΛ vertex, while the value of the
ΛK∗NΣ is about two times smaller than that of the ΛKNΣ. The average total
cross sections are obtained as follows: σnp→ΛΘ+
+
∼ 100 µb and σnp→Σ0Θ+
+
∼
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Figure 9. The total cross sections of np → ΛΘ+
−
in the left panel (a) and np → Σ0Θ+
−
in
the right panel (b). The parameter set of the Nijmegen potential with the cutoff parameter
Λ = 1.0 GeV is employed. The notations are the same as in Fig. 7.
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Figure 10. The total cross sections of np → ΛΘ+
+
in the left panel (a) and np → Σ0Θ+
+
in the right panel (b). The parameter set of the Ju¨lich–Bonn potential is employed. The
notations are the same as in Fig. 7.
20 µb in the range of the CM energy EthCM ≤ ECM ≤ 3.5 GeV.
In Fig. 11, the total cross sections for Θ+− are drawn. In this case, the
average total cross sections are given as follows: σnp→ΛΘ+
+
∼ 6.0 µb and
σnp→Σ0Θ+
+
∼ 2.0 µb in the same range of the CM energy. The results for
the negative-parity Θ+− are about fifteen times smaller than those of Θ
+
+.
Compared to the results with the parameter set of the Nijmegen potential,
those with the Ju¨lich–Bonn one are rather sensitive to the signs of the coupling
constants. It is due to the fact that the cutoff parameters taken from the
Ju¨lich–Bonn potential are different at each vertex. If we had taken similar
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Figure 11. The total cross sections of np → ΛΘ+
−
in the left panel (a) and np → Σ0Θ+
−
in the right panel (b). The parameter set of the Ju¨lich-Bonn potential is employed. The
notations are the same as in Fig. 7.
values of the cutoff parameters for the Nijmegen potential, we would have
obtained comparable results to the case of the Ju¨lich-Bonn potential.
3.3 Polarized pp scattering
In this section, we present the polarized pp scattering results. We note that,
here, we employ only the Nijmegen potential and the form factor of Eq. (10)
instead of using the Ju¨lich-Bonn potential. In Fig 12, total cross sections near
threshold region are shown as functions of the energy in the center of mass
system
√
s (
√
sth = 2729.4MeV). The left (right) panel is for the positive (neg-
ative) parity Θ+ where the allowed initial state has S = 0 and even l (S = 1
and odd l). For the allowed channels, five curves are shown using different
coupling constants of gK∗NΘ and g
T
K∗NΘ; zero and four different combinations
of signs with the absolute values |gTK∗NΘ| = 2|gK∗NΘ| = |gKNΘ|, as indicated
by the pair of labels in the figures, (sgn(gK∗NΘ), sgn(g
T
K∗NΘ)). As shown in
the figure, cross sections vary with about 50 % from the mean value for the
vanishingK∗ exchanges. For the forbidden channels only the case of vanishing
K∗NΘ coupling constants is shown; cross sections using finite coupling con-
stants vary within about 50 % just as for the allowed channels. In both figures,
the s-wave threshold behavior is seen for the allowed channels as proportional
to (s − sth)1/2, while the forbidden channels exhibit the p-wave dependence
of (s − sth)3/2 and with much smaller values than the allowed channel. The
suppression factor is given roughly by [(wave number)·(interaction range)]2
∼ k/mK ∼ 0.1 (k =
√
2mKE), as consistent with the results shown in the
figures. From these results, we conclude that the absolute value of the total
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cross section is of the order 1 [µb] for the positive parity Θ+ and of the order
0.1 [µb] for the negative parity Θ+. The fact that the positive parity case has
larger cross section is similar to what was observed in the photoproduction
and hadron induced reaction also. This is due to the p-wave nature of the
KNΘ coupling with a relatively large momentum transfer for the Θ+ produc-
tion. When the smaller decay width of Θ+ is used, the result simply scales as
proportional to the width, if the K∗NΘ couplings are scaled similarly.
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Figure 12. Total cross sections near the threshold: (a) for positive parity Θ+ where the
allowed channel is (S = 0, even l) and (b) for negative parity Θ+ where the allowed channel
is (S = 1, odd l). The labels (+,+) etc denote the signs of gK∗NΘ and g
T
K∗NΘ
relative to
gKNΘ. The solid lines in the bottom is the cross sections for the forbidden channels.
In Fig. 13, we show the angular dependence of the cross section in the
center of mass system for several different energies above the threshold,
√
s =
2730, 2740, 2750 and 2760 MeV. Here only K exchange is included but with-
out K∗ exchanges. The angular dependence with the K∗ exchanges included
is similar but with absolute values scaled as in the total cross sections. Once
again, we can verify that the s-wave dominates the production reaction up
to
√
s<
∼
2750. Recently, in Ref. 25, the authors discussed the experimen-
tal methods and observable to determine the parity of the Θ+ baryon with
the polarized proton beam and target. They discussed the spin correlation
parameter Axx as well as cross sections. It is computed by
Axx =
(3σ0 +
3 σ1)
2σ0
− 1, (14)
where σ0 is the unpolarized total cross sections and the polarized cross section
are denoted as 2S+1σSz . In Fig. 14 we present Axx including K
∗ exchange
with and without the form factor. As shown in the figures Axx reflects very
clearly the differences of the parity of Θ+. When the form factor is included,
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the five cases of different K∗ coupling constants are similar and the resulting
Axx fall into well the region as indicated in Ref.
25. If the from factor is not
included, there is an accidental cancellation in the allowed s-wave amplitude
for the (+,+) case and the hence the p-wave contribution becomes significant
at relatively low energy, which changes the sign of Axx at ECM ∼ 2.75GeV
for the positive parity case. However, very near the threshold region, the
sign of Axx is one as expected in the selection rule. In actual experiment, it is
necessary to detect Σ also at the threshold region. It is worth mentioning that
the quantity Axx does not depend very much on the less known parameters
such as coupling constants and form factors since their effects will be largely
cancelled when taking the rario of the two cross sections as shown in Eq. (9).
This advantage will give a chance to determine the parity of Θ+ without much
theoretical ambiguities. Recently, COSY-TOF collaboration announced that
the experiment with polarized pp scattering will be held in 2005 51. We will
look forward to see a evidence to determine the parity of Θ+.
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Figure 13. Angular dependence of the production cross sections near the threshold in the
center of mass frame: (a) for positive parity Θ+ and (b) for negative parity Θ+. The labels
denote the total incident energy
√
s.
4 Summary
We have investigated the Θ+ production reactions via γN and NN scattering
in the Born approximation. For the γN reaction, we considered two different
coupling schemes, pseudo-scalar (PS) and pseudo-vector (PV) couplings for
KNΘ+ vertex. We observed that the two coupling schemes are not much
different when the gauge invariant form factor is employed since this form
factor scheme enhances the K and K∗ exchange contribution in the t–channel
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Figure 14. Axx for the positive (a) and negative (b) parities are drawn without the form
factor. As for the cases with the form factor, we also show it for the positive (c) and
negative (d) ones.
more than the s– and the u–channels which contain the whole difference be-
tween the PS and the PV schemes. The reactions for the positive parity
Θ+ showed about ten times larger total cross sections than those with the
negative one. This tendency is rather general for all reactions including the
following NN scattering. However, it was difficult to determine the parity of
Θ+ from γN reactions, by looking at, for instance, angular distributions. As
for the NN scattering, we performed calculations using the two different sets
of interactions, the Nijmegen and Ju¨lich-Bonn potentials. The magnitudes of
the total cross sections of the two calculations were not so different from each
other. However, the reactions with Σ hyperon of the Ju¨lich-Bonn potential
presented larger total cross sections than those of the Nijmegen ones because
of the larger cutoff mass of Ju¨lich-Bonn potential. Considering the measure-
ment of COSY-TOF 11, the positive parity of Θ+ seems more possible than
the negative one qualitatively. However, the simple comparison of the order of
the total cross section does not include sufficient information to determine the
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parity of Θ+ quantitatively. Therefore, we considered the model independent
way to determine the parity through the polarized pp scattering. We found
clearly different behaviors of the total cross sections for determination of the
parity of Θ+ around the threshold region. The spin observable Axx which
has less theoretical ambiguities showed positive values for the negative parity
of Θ+ and negative values for the positive parity one. We have confirmed
that the polarized pp scattering will be a promising method to determine the
parity of Θ.
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